Set-inversion is applied to recent collision-induced scattering data concerning gaseous CF " .
Introduction
In low density uids, interactions between molecules are binary. Thus, collisioninduced light scattering (CIS) results from collisional polarizabilities of molecular pairs [1] . For optically isotropic molecules like CF " , pure collision-induced depolarized and isotropic spectra are observed in the vicinity of the Rayleigh line, where no monomolecular scattering is allowed [2] . These spectra provide information on molecular interactions and may be used to estimate the origin-independent parameters of the dipole-multipole polarizability tensors (e.g. A and E which characterize the dipole-quadrupole and dipole-octopole tensors A and E of any tetrahedral molecule).
For pairs of molecules that cannot be easily described in terms of quantum mechanics, a semi-classical model may be considered [3] . In this case, the CF " spectral intensity I s can be written as follows [4, 5] :
I s (!) = I s DID (!) + c s ®6) ® A I ®6) (!) + c s ®6-® E I ®6-(!)
+ c s )6) A " I )6) (!) + c s )6-A E I )6-(!) + c s -6-E " I -6-(!) + ::: (1) where ! denotes the frequency shift and ® is the main polarizability. The subscript DID refers to the dipole-induced-dipole interaction. Subscripts ®6), ®6-, )6), )6-and -6-refer to the successive dipole-multipole light scattering mechanisms [4, 5] . The coe¢cients c s depend on the nature s of the spectrum (depolarized or isotropic) and on the dipole-multipole mechanisms [4, 5] . Unfortunately, point estimation of A and E is highly uncertain due to the following four reasons:
i) Short range e¤ects such as overlap and exchange e¤ects are not taken into account in the aforementioned semi-classical model. As a result, in the CF " case, depolarized and isotropic spectra lead to di¤erent conclusions. The isotropic spectrum has been shown to be the more adapted [5] .
ii) Because of the competition between the dipole-multipole mechanisms (like ®6) and ®6-) several di¤erent parameter vectors (A, E) may correspond to similar ts,
i.e. the model is said to be almost unidentiable.
iii) Errors on measurement of the isotropic spectrum are large [5] and many unsimilar ts can be considered as consistent with all data.
iv) The model is nonlinear (cf. Eq. (1)) and local minimization procedures may converge to any local minimum.
For all these reasons, a bounded-error estimation approach (see [6] , [7] and references therein) is considered in this work. It consists of characterizing the set S of all values of the vector (A; E) such that the associated model output is consistent with all experimental data, i.e. goes through all error bars. The method to be used is new for most physicists and based on set inversion [8] . Set inversion, presented in Section 2, is particularly suited in our case because of the nonlinearities involved in the semiclassical model; it uses interval analysis which is a numerical tool for computing with sets (also presented in Section 2). Section 3 gives an approximation of the set S of all feasible vectors (A; E) and compares it with former estimations. We show that recent ab initio computations by Maroulis [9, 10] partly conrm our results. Finally, we conclude on the advantages that set inversion analysis o¤ers to spectroscopists.
Set inversion
Let ¡ ! f be a nonlinear continuous vector function mapping R n into R m and Y be a subset of R m . The set inversion problem is to characterize the set X dened by
The set function ¡! f ¡ is the reciprocal function of ¡ ! f . The set-inversion algorithm to be presented is based on interval arithmetic which is a numerical tool originally developed in order to quantify the e¤ect of nite-precision arithmetic on results obtained by a computer [11] . Interval arithmetic extends classical operators on real numbers to intervals in a natural way. Thus, if
For example, we have ( A box or vector interval [ ¡ ! x ] of R n is dened as the Cartesian product of n intervals.
The i th component of the box
It can be proven (see [11] ) that the interval evaluation
The width w( 
SIVIA is a recursive routine that brackets the solution set X between an inner set of boxes and an outer set of boxes. For the sake of simplicity, it will be presented here in the case of a two dimensional solution set, but the algorithm readily extends to higher dimensions [8] . Boxes that have been proved to belong to X via test (i)
are drawn in dark grey, those that have been proved to be outside X via test (ii) are drawn in light grey and those that satisfy neither (i) nor (ii) and are too small to be bisected are drawn in white. The accuracy " is a small positive real number.
Step 1 8i;
Step 2
Step 3 If w( ¡ ! x ) < ", {draw ([ ¡ ! x ]; white); return};
Step 4 Bisect [ ¡ ! x ] and store the two resulting boxes into
Step
is a box assumed to contain the solution set X . If we denote by ¢X the union of all white boxes and by X ¡ the union of all dark grey boxes, then the solution set X is bracketed by:
Remark 1 When the box Y to be inverted is a singleton f ¡ ! y g (for example when dealing with error-free data), the solution set X is often reduced to a singleton f ¡ ! x g which is easily found by SIVIA or by other punctual approaches. When two or more solutions exist, SIVIA detects all of them in a guaranteed way, contrary to punctual approaches.
Remark 2 Inversion methods generally considered are punctual: they try to nd the best t. In a linear context, numerical instability appears when the matrix to be inverted is almost non invertible. With a set inversion approach, the problem of instability does not exist. Even if the model is non identiable (which corresponds to a situation where the matrix is non invertible in a punctual and a linear context), a set with a stretched shape is obtained. All informations about uncertainties (numerical, errors on measurements, ...) are given by X : if X is big, as in the application treated in the next section, the problem can be considered as ill-posed in a punctual point of view.
Results and discussion
The experimental CF " isotropic spectrum I Eso reported in [5] had been recorded for a set of Raman frequency shifts ! i relative to the green spectral line (¸L = 514:5 nm) of an argon laser. Following the bounded-error approach, uncertainties on experimental data are assumed to be bounded, i.e. the ith ideal measurement I iso i (the measurement that should be obtained if no measurement errors occurred)
is assumed to belong to the interval [I iso min (i); I iso max (i)] provided in [5] and recalled in Table 1 .
Possible location for Table 1 As regards the theoretical spectrum, and according to Eq. (1), the ith model output is given by
The dipole-dipole and dipole-multipole components Table 1 (see [5] for the details of their computation 
where A and E are expressed in Å " and Å # units, respectively. Table 2 shows how the problem of estimating A and E can be cast into the framework of set inversion
Possible location for Table 2 In less than 5 seconds on a Pentium 100 Personal Computer, SIVIA brackets S as represented in Fig. 1 .
Possible location for Figure 1 Because of some mechanism not taken into account in our semi-classical model, it may happen that SIVIA eliminates a part of the parameter space that could contain the true values of A and E. To protect against this, one would like to be especially careful about data points that turn out to have a critical inuence on the size of S.
For this purpose, we dene the safety of the ith interval data by°(
where V ol corresponds to the volume (an area in our two-dimensional case) and S E is the set of all parameters that are consistent with all data but the ith. The smaller the safety is, the more careful one must be with the corresponding data point. SIVIA can easily be adapted to compute volumes of sets [8] and therefore the coe¢cients°(i). We obtain°(1) =° (3) =° (5) When scattering data for frequency shifts higher than 120 cm ¡ are considered, similar discrepancies can be observed [5] .
In conclusion, the set inversion approach, advocated here, makes it possible to estimate unknown parameters, their uncertainties, as well as their correlations, when bounded-error data and nonlinear models are involved. Such problems arise often in spectroscopy where many e¤orts are focused on estimating physical coe¢cients from experimental data (e.g. collision-induced scattering or absorption processes). The example of recent CIS studies on gaseous CF " is but one illustration of the advantages of set-inversion over more conventional methods. 
